Oestrogen-related receptor a (ERRa) is an orphan nuclear receptor which is important for adaptive metabolic responses under conditions of increased energy demand, such as cold, exercise and fasting. Importantly, metabolism under these conditions is usually accompanied by elevated production of organic acids, which may threaten the body acid-base status. Although ERRa is known to help regulate ion transport by the renal epithelia, its role in the transport of acid-base equivalents remains unknown. Here, we tested the hypothesis that ERRa is involved in acid-base regulation mechanisms by using zebrafish as the model to examine the effects of ERRa on transepithelial H þ secretion. ERRa is abundantly expressed in H þ -pump-rich cells (HR cells), a group of ionocytes responsible for H þ secretion in the skin of developing embryos, and its expression is stimulated by acidic (pH 4) environments. Knockdown of ERRa impairs both basal and low pH-induced H þ secretion in the yolk-sac skin, which is accompanied by decreased expression of H þ -secreting-related transporters. The effect of ERRa on H þ secretion is achieved through regulating both the total number of HR cells and the function of individual HR cells. These results demonstrate, for the first time, that ERRa is required for transepithelial H þ secretion for systemic acid-base homeostasis.
Introduction
Oestrogen-related receptor a (ERRa) is an orphan nuclear receptor belonging to the oestrogen-related receptor family, a small subgroup of the nuclear receptor superfamily, which also includes ERRb and ERRg [1] . Although its natural cognate ligand has yet been identified, ERRa function has been linked to several physiological pathways. Initial studies on ERRa explored its role in modulating oestrogen signalling [2] , bone formation [3] and breast cancer progression [4] . The identification of medium chain acyl-coenzyme A dehydrogenase, a ratelimiting enzyme in mitochondrial b-oxidation, as a target of ERRa [5] drew attention to the regulatory roles of ERRs in energy homeostasis. In its role as a transcription factor, ERRa controls various cellular metabolic activities through regulating the expression of energy metabolism genes, including the genes involved in carbohydrate metabolism, fatty acid oxidation, TCA cycle and oxidative phosphorylation [1, 6, 7] . Consistent with its regulatory role in these processes, ERRa is highly expressed in tissues with high metabolic needs, such as the heart, kidney, brown fat and skeletal muscle [1, 7] . Moreover, ERRa expression is induced upon exposure to energy stresses such as cold [8] , fasting [9] or exercise [10] . These findings reveal an important role of ERRa in the adaptive responses upon energetic stress stimuli. Physiological stress signals have been shown to elevate ERRa expression in a tissue-specific manner, and the increased ERRa during such challenges serves to produce the optimal responses that require a shift in energy production and utilization.
& 2016 The Author(s) Published by the Royal Society. All rights reserved.
Maintaining internal pH homeostasis is critical for survival in all biological systems. When systemic acid-base status is disturbed by acid challenges, animals need to excrete excess acid equivalents to restore acid-base homeostasis. Vertebrates, including terrestrial and aquatic species, develop a specialized epithelium and organs to conduct acid/base transport. This process is mainly performed by kidneys in terrestrial mammals [11] [12] [13] , whereas the gills account for approximately 90% of acid/base movement in aquatic teleost fish [14, 15] . In mammals, the proximal tubule contributes to most transepithelial H þ secretion, a process which is primarily mediated by apical Na þ /H þ exchanger 3 (NHE3). In addition, the collecting duct also contributes to H þ secretion through luminal V type H þ -ATPase expressed in a-intercalated cells, thereby controlling final urinary acidification [11] [12] [13] . Similarly, NHE3 and H þ -ATPase are also the apical major transporters involved in transepithelial H þ secretion in fish gills [15] [16] [17] . Transepithelial H þ secretion for body fluid acid-base homeostasis is tightly regulated by a variety of hormones and paracrine factors [11] [12] [13] 18] . It is noteworthy that the aforementioned conditions of high metabolic demand (in which ERRa has been implicated) are usually accompanied by the threat of acid-base disturbance. Metabolism under these conditions would lead to elevated production of organic acids, such as lactic acid or ketone bodies [19] [20] [21] . These endogenous acids would result in an excessive acid load [22] , and metabolism facilitated by ERRa may possibly exacerbate the situation. Preventing severe acid-base disturbance by diminishing excess acid through renal excretion appears to be critical for animals to cope with the physiological stimuli of energetic stress. The revelation that ERRa participates in the regulation of renal ion homeostasis [23] , implicating it in the transepithelial transport process, has raised the interesting and important question of whether ERRa is involved in acid excretion; answering this question may help us understand the mechanisms underlying physiological adaptation to harsh environments. Studies using ERRa-knockout mice indicated that ERRa plays some roles in the renal regulation of blood pressure, via effects on ion homeostasis and the renin-angiotensin systems. ERRa null mice are hypotensive, with significant hypernatremia, hypokalaemia and slight hyperreninemia; further studies using a combination of genome-wide location analysis and expression profiling led to the proposal that ERRa regulates the expression of channels involved in renal Na þ and K þ handling (Scnn1a, Atp1a1, Atp1b1) [23] . However, no observations pertaining to ERRa regulation on renal acid-base transport have been reported so far. To gain insights into the physiological role of ERRa in the adaptation to harsh environments, here we investigated the involvement of ERRa in body fluid acid-base homeostasis. Zebrafish has emerged as a useful in vivo model for the study of ionic and acid-base regulation in vertebrates [16, 18, 24] ; ionocytes in the skin of developing zebrafish embryos play major roles in the transepithelial transport of ions and acid/base equivalents before the gills are fully developed [16, 24, 25] . Direct contact between the skin and the external environment makes zebrafish suitable for non-invasive measurements of ion and acid/base transport in vivo [26] [27] [28] 
(b) Acid acclimation
In accordance with previous studies, acidic FW ( pH 4) was prepared by adding H 2 SO 4 to local tap water. Adult zebrafish (males and females at the same ratio) were acclimated to acidic ( pH 4 group) or control FW (local tap water, pH 7 group) for 7 days; abnormal behaviour and mortality were not observed during this period. A stable pH was maintained during the experiments by using an electrical pump to continually pump acidic FW into the bottom of the experimental tank. Fertilized zebrafish embryos were collected and immediately transferred to a Petri dish containing acidic or control FW for 3 or 7 days depending on the experiment design. Experimental water was changed twice per day to guarantee stable pH and optimal water quality.
(c) Whole-mount in situ hybridization
The esrra fragment was amplified by PCR with the following primer pair: forward, 5 0 -ATGTCTTCCAGAGAACGACGC-3 0 ; reverse, 5 0 -CTAGGGTGAGTCCATCATGGC-3 0 . The resulting amplicon was then ligated into the pGEM-T Easy vector (Promega, Madison, WI, USA). The inserted fragment was amplified by PCR with the T7 and SP6 primers, and the products were used as templates for in vitro transcription with T7 and SP6 RNA polymerase (Roche, Penzberg, Germany) in the presence of digoxigenin (DIG)-UTP (Roche) to synthesize sense and antisense probes, respectively. Zebrafish embryos were anaesthetized and fixed with 4% paraformaldehyde in a PBS (1.4 mM NaCl, 0.2 mM KCl, 0.1 mM Na 2 HPO 4 and 0.002 mM KH 2 PO 4 ; pH 7.4) solution at 48C overnight. Whole-mount in situ hybridization was performed according to previous reports [32, 33] . Staining was conducted with the nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate system. For fluorescence in situ hybridization, staining was conducted with a commercial kit (TSA Plus Fluorescence Systems; Perkin-Elmer). Hybridization signals detected by the DIG-labelled RNA probes were amplified through fluorescein-tyramide signal amplification (TSA), while Alexa-488-tyramide substrate (Molecular Probes, Eugene, OR, USA) was used for the dinitrophenol-labelled probes. For subsequent double immunocytochemistry staining, the embryo samples were rehydrated in PBST and then incubated with 3% bovine serum albumin for 2 h rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20152582 to block non-specific binding. Samples were then incubated overnight at 48C with a polyclonal antibody against the A subunit of zebrafish H þ -ATPase. After being washed with PBST for 20 min, samples were further incubated in Alexa Fluor 488 goat antirabbit immunoglobulin G (IgG; Molecular Probes; diluted 1 : 200 with PBS) for 2 h at room temperature. Images were obtained with a confocal laser scanning microscope (TCS-SP5, Leica Lasertechnik, Heidelberg, Germany).
(d) Preparation of total RNA and reverse transcription
Whole zebrafish embryos or adult gills were homogenized in TRIzol reagent (Ambion, Woodward, TX, USA) and total RNA was purified following the manufacturer's protocol. To obtain sufficient RNA, 30 embryos were pooled to form one sample. As for sampling of adult gills, every single RNA sample was pooled from gills collected from one male and one female [34] . For complementary (c)DNA synthesis, 1 -5 mg of total RNA was reverse-transcribed in a final volume of 20 ml containing 0.5 mM dNTPs, 2.5 mM oligo (dT)20, 250 ng random primers, 5 mM dithiothreitol, 40 units RNase inhibitor and 200 units Superscript RT (Invitrogen, Carlsbad, CA, USA) for 1 h at 508C, followed by 15 min at 708C.
(e) Real-time quantitative PCR
Expression levels of target gene mRNA were measured using Q-PCR with a LightCycler real-time PCR system (Roche). The reaction mixture consisted of 5 ml of 2Â SYBR Green I Master Mix (Roche), primer pairs (300 nM) and 20-30 ng of cDNA, to a final volume of 10 ml. PCR products were subjected to a meltingcurve analysis, and representative samples were electrophoresed to verify that only a single product was present. The standard curve of each gene was confirmed to be in a linear range, with ribosomal protein L13a used as an internal control. The primer sets used for Q-PCR are shown in electronic supplementary material, table S1.
(f ) Translational knockdown with antisense morpholino oligonucleotides
Morpholino-modified antisense oligonucleotides were purchased from Gene Tools (Philomath, OR, USA). The sequence of the morpholino oligonucleotide (MO) against esrra (NM_ 212955.1) was 5 0 -CAGAGCGTCGTTCTCTGGAAGACAT-3 0 ; this MO was prepared with 1Â Danieau solution. Standard control MO (provided by Gene Tools) with a non-specific sequence (5 0 -CC TCTTACCTCAGTTACAATTTATA-3 0 ) was injected in parallel as a control. Zebrafish embryos at the one-to two-cell stage were injected with MO solution containing 0.1% phenol red (as a visualizing indicator), using an IM-300 microinjection system (Narishige Scientific Instrument Laboratory, Tokyo, Japan). Various dosages (1, 2 and 4 ng per embryo) of MO were assessed; the 4 ng-injected group showed abnormal development (electronic supplementary material, figure S1a). Therefore, 2 ng per embryo was used in all subsequent experiments. The effectiveness of knockdown was verified by Western blot analysis (electronic supplementary material, figure S1 ).
(g) Measurement of surface pH of zebrafish embryos
Proton secretion in zebrafish embryos was determined by measuring the pH at the yolk surface. A non-invasive SIET was used to measure extracellular H þ activity (pH) at the surface of zebrafish embryos, as previously described [26] . Briefly, microelectrodes with a tip diameter of 3-4 mm were pulled from glass capillary tubes using a P-97 Flaming Brown pipette puller (Sutter Instruments, San Rafael, CA, USA), then baked at 2008C overnight, and vapour-silanized with dimethylchlorosilane (Fluka, Buchs, Switzerland) for 30 min. The microelectrodes were backfilled with a 1-cm column of 100 mM KCl/H 2 PO 4 ( pH 7.0), and then frontloaded with a 20-to 30-mm column of liquid ion exchanger cocktail (hydrogen ionophore I-cock-tail B; Fluka). The H þ microelectrode was positioned with a step-motor-driven threedimensional positioner (Applicable Electronics, East Falmouth, MA, USA) via an Ag/AgCl wire electrode holder (World Precision Instruments, Sarasota, FL, USA), and the circuit was completed by placing a salt bridge. Data acquisition, preliminary processing and control of the three-dimensional electrode positioner were performed with ASET software (Science Wares, East Falmouth, MA, USA). The Nernstian properties of each microelectrode were measured by placing the microelectrode in a series of standard pH solutions (pH 6, 7 and 8).
To detect surface H þ activity of zebrafish embryos, SIET was performed at room temperature in a small plastic recording chamber filled with 1 ml of recording solution, which consisted of artificial media (0.5 mM NaCl, 0.2 mM CaSO 4 , 0.2 mM MgSO 4 , 0.05 mM KH 2 PO 4 and 0.05 mM K 2 HPO 4 ), 300 mM MOPS buffer (Sigma) and 0.1 mg l 21 Tricaine (3-aminobenzoic acid/ethyl ester; Sigma; pH 6.8). An anaesthetized embryo was positioned in the centre of the chamber, with its lateral side contacting the base of the chamber. The probe was then moved to a target position on the skin surface of the yolk sac and used to take recordings for 30 s; it was subsequently moved approximately 1 cm away from the embryo to record background levels in the media. The voltage outputs were converted to H þ concentrations according to the three-point calibration curve (described above), and D[H þ ] was used to represent the H þ gradients between the target point on the skin surface and the background.
(h) Measurement of H þ flux at HR cells
To record the local H þ flux at individual HR cells, SIET measurement was performed under a differential interference contrast microscope. The apical membrane of HR cells was identified in zebrafish skin, and the probe was then moved to a position 1-2 mm above the apical surface (membrane) of HR cells. The voltage difference in microvolts was measured by probing orthogonally to the surface at 10 mm intervals. At least 10 recordings were made at a single HR cell, and the median value was used for calculating the H þ flux of the cell. The measured ionocytes then were further confirmed as an HR cell by fluorescent Con-A, which is a specific and vital marker for HR cells. To calculate ionic flux, voltage differences were first converted into a concentration gradient DC (mmol l 21 cm
23
), and DC was subsequently converted into ionic flux using Fick's law of diffusion in the following equation:
where J (pmol cm 22 s
21
) is the net flux of the ion, D is the diffusion coefficient of the ion (9.4 Â 10 -5 cm 2 s 21 for H þ ) and DX (cm) is the distance between the two points. The detailed operation for measurement and calculation of ionic flux were described in a previous report [26] .
(i) Whole-mount immunocytochemistry and cell counting
Zebrafish embryos were fixed in 4% paraformaldehyde in PBST. Samples were then incubated with 3% bovine serum albumin for 2 h to block non-specific binding, before being incubated at 48C overnight with one of the following: an a5 monoclonal antibody against the a-subunit of the avian Na Images were acquired with a Leica TCS-SP5 confocal laser scanning microscope (Leica Lasertechnik, Heidelberg, Germany). Cell number was quantified in 3 dpf control embryos and ERRa morphants using freehand selections made with an image processing program (IMAGEJ v. 1.45 s; Wayne Rasband, NIH), as previously described [37] . The total area of the yolk sac (one side for each embryo) was calculated by the image program based on the designated scale bar size of the image acquired from the microscope.
( j) Statistical analysis
Values are presented as means + s.d. and were compared using Student's t-test or one-way analysis of variance (ANOVA).
Results (a) Localization of ERRa in HR cells of zebrafish embryonic skin
To determine whether ERRa is expressed in HR cells (a major ionocyte type responsible for transepithelial H þ secretion in zebrafish), we performed whole-mount in situ hybridization to detect esrra (encoding ERRa) mRNA expression in zebrafish embryos. As shown in figure 1a , the esrra signals were distributed at the surface of the yolk sac and yolk extension, and showed a 'salt and pepper' pattern (i.e. ionocyte pattern) in 3 dpf (days post fertilization) embryos. Subsequent double staining by in situ hybridization against esrra (figure 1b) and immunocytochemistry against H þ -ATPase (an apical marker of HR cells) (figure 1c) showed that esrra mRNA signals colocalized with those of H þ -ATPase in the same cells (figure 1d),
indicating that ERRa is expressed in HR cells.
(b) Stimulation of ERRa by low pH environments
ERRa expression is induced by certain environmental cues. To examine whether ERRa expression is stimulated by lowpH environments in zebrafish, expression of esrra mRNA in zebrafish acclimated to different external pHs (for 7 days) was compared by Q-PCR. As shown in figure 2 , the level of esrra mRNA was upregulated in the gills of adult zebrafish (figure 2a) as well as in whole embryos (figure 2b) exposed to acidic (pH 4) water, as compared with the control (pH 7), suggesting that ERRa is involved in the response to low pH challenge.
(c) Impaired H þ secretion of embryonic skin in ERRa-knockdown zebrafish
To investigate the contributions of ERRa to acid -base regulation in vivo, we injected MOs to perform loss-of-function experiments. Control MO or specific MO against ERRa was injected into embryos at the one-to two-cell stage. The effect of ERRa knockdown on H þ secretion at the yolk-sac skin of 3 dpf embryos was determined by SIET. As shown in figure 3a, ERRa-knockdown embryos ('morphants') exhibited impaired H þ secretion at yolk-sac skin, indicating that ERRa is required for H þ secretion. In addition, the enhancement of H þ secretion by low pH, one of the adaptive responses upon acidic challenge [31] , was prevented by 
(d) Decreased expression of H þ -secreting-related transporters in ERRa morphants
ERRa was previously reported to be involved in blood pressure and ion homeostasis through regulating the expression of renal ion transporters [23] . To examine whether ERRa regulates H þ secretion through affecting the expression of related transporters, we used Q-PCR to measure the expression of genes encoding transporters related to H þ secretion. While the majority of H þ secretion in HR cells is mediated by H þ -ATPase [29] , the sodium hydrogen exchanger 3b (NHE3b) and anion exchanger 1b (AE1b) are also involved, as evidenced by observations that inhibition or knockdown of these transporters impaired H þ secretion [27, 30] . As compared with the control group, the expression levels of apt6v1a (a subunit of H þ -ATPase) (figure 4a), slc9a3.2 (nhe3b) (figure 4b) and (e) Reduced HR cell number at yolk-sac skin in ERRa morphants
We next determined whether the impaired H þ secretion and reduced expression of related transporters arise from changes in HR cell number at the embryonic skin by using immunocytochemistry to compare HR cell numbers at the yolk-sac skin between ERRa morphants and control groups. The HR cells were labelled with anti-zebrafish H þ -ATPase antibody, which demonstrated that the HR cell number at yolk-sac skin was slightly reduced in ERRa morphants (approx. 15%) compared with those in Ctrl MO-injected embryos (figure 5a). Zebrafish epidermal stem cells differentiate into multiple types of ionocytes [33, 38] . ERRa knockdown did not affect the number of epidermal stem cells (with P63 as a marker; figure 5d), suggesting the decreased HR number of ERRa morphants did not arise from defects in the early events of ionocyte differentiation. On the other hand, other type of ionocytes, including Na þ -K þ -ATPase-rich cells (NaR cells; figure 5b ) and Na þ -Cl 2 -cotransporter cells (NCC cells; figure 5c), were not affected by ERRa knockdown at all, suggesting the effect of ERRa on ionocyte number is specific for HR cells.
(f ) Impaired H þ secretion of individual HR cells in ERRa morphants
To examine whether ERRa regulates H þ secretion through modulating the function of each HR cell, we determined the H þ secreting capacity of a single HR cell by SIET in 3 dpf embryos. As shown in figure 6 , H þ secretion of HR cells was reduced by approximately 50% in ERRa morphants as compared with the control group, suggesting that ERRa regulates H þ secretion and transporter expression primarily through affecting the function of individual HR cells, rather than affecting the total HR cell number.
Discussion
Systemic acid-base homeostasis must be maintained within a tight physiological range to sustain the essential biochemical and metabolic functions of all biological systems. Transepithelial transportation of acid/base equivalents is critical for acid-base regulation and is tightly controlled by various hormones, such as endothelins [39] [40] [41] , angiotensin II [42, 43] and corticosteroids [44, 45] . By combining molecular, cellular and electrophysiological approaches in the zebrafish model, 
ERRa expression is abundant in high energy-consuming tissues, which are characterized by rich mitochondrial content [1] . Zebrafish HR cells are mitochondria-rich cells [28, 46] that perform energy-consuming tasks, such as secretion of metabolic acid and sodium uptake, to maintain internal homeostasis under regular and harsh environments [27, 28, 31, 46, 47] . These features of HR cells are consistent with those of tissues in which ERRa is predominantly expressed. In addition, the expression pattern of ERRa in zebrafish embryonic skin is similar to that of HR cells (i.e. a spotty distribution at the surface of yolk sac and yolk extension, but not at the trunk; figure 1a [48] ). These observations strongly link ERRa to the functions of HR cells. By employing in situ hybridization and immunocytochemistry approaches, this study demonstrated that ERRa is expressed in the HR cells of embryonic yolk skin ( figure 1) . Moreover, our acidic acclimation experiments revealed that low-pH water significantly stimulated the expression of ERRa in the adult gills as well as whole embryos (figure 2), suggesting that ERRa is involved in regulatory responses to cope with the challenges of acid-base disturbance. ERRa loss-of-function induced by a specific MO resulted in a significant decrease of H þ secretion at the yolk skin under both basal (figure 3a) and low-pHstimulated (figure 3b) conditions, indicating that ERRa contributes to transepithelial H þ secretion. In agreement with the hypothesis that the zebrafish HR cell is analogous to the A type intercalated cell in mammalian kidney, our use of SIET to obtain non-invasive and real-time measurements of H þ secretion in an intact animal convincingly provides the first direct physiological evidence that ERRa is essential for transepithelial H þ secretion to achieve body fluid acid-base homeostasis in vertebrates. Studies in the kidneys of ERRa-knockout mice indicated that, in addition to regulating energy metabolism, ERRa also directly controls expression of the transporters associated with transepithelial transport [23] . The present data suggest that the action of ERRa on H þ secretion also relies on these two processes. Knockdown of ERRa decreased the expression of metabolic genes (electronic supplementary material, figure  S2 ) as well as the transporter genes related to H þ secretion (figure 4). Zebrafish HR cells express a set of transporters, including H þ -ATPase [26] , NHE3b [49] and AE1 [30] , that are critical for H þ secretion of HR cells; knockdown or inhibition of these transporters has been demonstrated to impair H þ secretion in zebrafish embryos [27, 29, 30] . In this study, it is shown that the decrease in H þ secretion caused by ERRa knockdown (figure 3a) was accompanied by a significant reduction in gene expression of these three transporters The observation that HR cell number was reduced by the knockdown of ERRa suggested that ERRa may be involved in the regulation of HR cell proliferation, differentiation and/ or turnover, which are important mechanisms for coping with acidic challenge. According to the current model of zebrafish ionocyte differentiation [38] , the embryonic ionocytes are derived from epidermal stem cells. Epidermal stem cells (expressing the proliferation marker p63) give rise to both keratinocytes and foxi3a-expressing ionocyte progenitor cells via a Delta-Notch fate determination mechanism [33] . These ionocyte progenitor cells then differentiate into different types of functional ionocytes. FOXI3a is the master regulator of ionocyte differentiation, and GCM2 is a transcription factor specifically controlling the specification of HR cells from the ionocyte progenitors [38] . In this study, ERRa knockdown did not affect the numbers of p63 þ stem cells (figure 5b) or the other two types of ionocyte, NCC cells (figure 5c) and NaR cells (figure 5d), suggesting that regulation by ERRa may occur after the action of Foxi3a and may also be specific for HR cells. On the other hand, one cannot exclude the possibility that ERRa affects apoptosis to change the turnover rate of HR cells. The detailed mechanism behind the action of ERRa on controlling HR cell number requires further studies to clarify; however, the present findings provide a new direction from which to further explore the role of ERRa in the physiological adaption to pH challenge. Revealing the regulatory role of ERRa in H þ secretion not only expands our understanding of the ERRa-mediated adaptive responses to environmental challenges, but may also provide new insights into how animals adapt to the harsh environments. Under stress conditions with increased metabolic needs, such as exposure to cold, hypoxia, fasting and exercise, metabolism is usually accompanied by the increased generation of organic acids, such as lactic acid or ketone bodies [19 -21] , and these endogenous acids (which are dissociated at physiological pH) may pose a substantial threat to acid -base homeostasis [22] . In fish, blood lactate level was demonstrated to be induced by exercise and hypoxia exposure [50, 51] . The regulation of H þ secretion by ERRa may play a protective role to avoid body fluid acidbase disturbance, and thus ERRa regulation of metabolism continues to sustain the essential physiological functions. This mechanism would be of significance to fish because strenuous exercise is essential for survival ( prey capture, predator avoidance or migration) and hypoxia is the common environmental condition in aquatic area [52] . On the other hand, lactic acid and ketone bodies are used as an energy source when glucose is not readily available under some conditions of high energy demand [22, 53, 54] . However, the increased production of lactic acid or keto acids would rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20152582 reduce systemic pH, which in turn inhibits the production of themselves as a negative feedback mechanism [22] . Therefore, the action of ERRa on acid -base regulation may also serve as a mechanism to ameliorate these feedback processes to ensure the sustained supply of fuel for tissues under these stressful conditions. Taken together, ERRa may possibly play an integrative role in modulating metabolism to provide energy for cell utilization and correcting the consequent acid -base disturbance, thus allowing the organism to achieve optimal adaptation under harsh environments. This notion about ERR's role on acid -base regulation awaits further studies in other animal species. Since the systemic acid-base status is relevant to various physiological processes [55] in which ERRa is implicated [56] [57] [58] [59] [60] , it would be an interesting new direction from which to assess the physiologic role of ERRa in vivo. The molecular physiology of how fish regulate their acid secretion to cope with to an acidic environment has been extensively elucidated in zebrafish [16, 18] . In this study, a novel regulator, ERRa, for fish transepithelial H þ secretion mechanisms was identified. ERRa expression is abundant in HR cells (H þ secreting ionocytes) and is increased in response to low pH challenge in zebrafish. ERRa regulates H þ secreting capacity through modulating expressions of H þ -secreting-related transporters. These findings reveal that ERRa is an important regulator of systemic acid-base homeostasis, and expand our understandings of the role of ERRa in the adaptation to environmental challenges.
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